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The rare neurodegenerative disease Niemann-Pick Type C
(NPC) results from mutations in either NPC1 or NPC2, which
are membrane-bound and soluble lysosomal proteins, respec-
tively. Previous studies have shown thatmutations in either pro-
tein result in biochemically indistinguishable phenotypes, most
notably the hyper-accumulation of cholesterol and other cargo
in lysosomes. We comparatively evaluated the kinetics of
[3H]dextran release from lysosomes of wild type, NPC1, NPC2,
and NPC1/NPC2 pseudo-double mutant cells and found signif-
icant differences between all cell types examined. Specifically,
NPC1 or NPC2 mutant fibroblasts treated with NPC1 or NPC2
siRNA (to createNPC1/NPC2pseudo-doublemutants) secreted
dextran less efficiently than did either NPC1 or NPC2 single
mutant cell lines, suggesting that the two proteins may work
independently of one another in the egress ofmembrane-imper-
meable lysosomal cargo. To investigate the basis for these dif-
ferences, we examined the role of NPC1 and NPC2 in the retro-
grade fusion of lysosomes with late endosomes to create
so-called hybrid organelles, which is believed to be the initial
step in the egress of cargo from lysosomes. We show here that
cells withmutatedNPC1 have significantly reduced rates of late
endosome/lysosome fusion relative to wild type cells, whereas
cells withmutations inNPC2 have rates that are similar to those
observed in wild type cells. Instead of being involved in hybrid
organelle formation, we show thatNPC2 is required for efficient
membrane fission events from nascent hybrid organelles, which
is thought to be required for the reformation of lysosomes and
the release of lysosomal cargo-containing membrane vesicles.
Collectively, these results suggest that NPC1 and NPC2 can
function independently of one another in the egress of certain
membrane-impermeable lysosomal cargo.

Niemann-Pick type C (NPC)2 is a rare neurodegenerative
disorder that has been traced to mutations in one of two genes

(1). The first gene, NPC1, encodes a late endosomal/lysosomal
membrane protein of 1278 amino acids that has 13 transmem-
brane domains (2). The second gene, NPC2, encodes a glyco-
sylated, soluble 151-amino acid lysosomal protein (3).
Loss of functionmutations in either NPC1 orNPC2 has been

shown to cause the hyper-accumulation of several molecules
including, but not limited to, cholesterol, glycosphingolipids,
sphingosine, and sphingomyelin (4–7). Clinically indistin-
guishable diseases have been documented regardless of which
of the aforementioned NPC proteins is mutated (8–9). Based
on these observations, it has been proposed that NPC1 and
NPC2 function in concert in a common pathway to facilitate
the trafficking of cholesterol and other cargo from lysosomes
(10).
It is a fact that cholesterol homeostasis is significantly dis-

turbed in patients with NPC disease; however, we reason that
anymolecule that accumulates in lysosomes that cannot readily
permeate out by passive or active transport mechanisms will
experience excessive accumulation and potentially altered cel-
lular homeostasis in patients with NPC disease. An example of
such cargo includes lysosomotropic endogenous amines that
accumulate into lysosomes according to an ion-trappingmech-
anism (11). We have recently reported that NPC1 plays an
important functional role in regulating amine accumulation in
lysosomes (12). Specifically, amine-induced vacuolization of
lysosomes was shown to require functional NPC1 and involve
retrograde fusion of lysosomes with late endosomes to create
hybrid organelles. Certain lysosomotropic amines were shown
to significantly stimulate late endosome/lysosome fusion events as
well as the overall rate of cell secretion of lysosomal cargo.
Importantly, these events were only observed in cells with func-
tional NPC1.
Considering that mutations in NPC1 and NPC2 have been

shown to be phenotypically indistinguishable in nearly all
assays examined, we sought to determine here if NPC2 func-
tions like NPC1 in the secretion of membrane-impermeable
lysosomal cargo and in the regulation of lysosomal amine con-
tent. We comparatively examined wild type and NPC1 and
NPC2 mutant fibroblasts as well as cells mimicking a NPC1/
NPC2 double mutant, which were created by treating NPC1
or NPC2 mutant fibroblasts with NPC1 or NPC2 siRNA. Sur-
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prisingly, we found significant differences between all cell types
examined.
Our results suggest that NPC1 functions independently of

NPC2 in late endosome/lysosome retrograde fusion that leads
to the creation of hybrid organelles. We also provide evidence
to support the notion that NPC2 is required for fission ofmem-
brane vesicles from the hybrid organelles, which most likely
leads to the reformation of lysosomes as well as the subsequent
trafficking of lysosomal cargo to other cellular destinations.
The relationship between these findings and amine trafficking
and regulation in late endocytic compartments is addressed.

EXPERIMENTAL PROCEDURES

Reagents—AlexaFluor (AF) 647 succinimidyl ester, AF555
succinimidyl ester, and biotinylated dextran amine (Mr 10,000)
were obtained from Invitrogen. [3H]dextran (Mr 70,000) was
obtained from American Radiolabeled Chemicals (St. Louis,
MO). Carboxylate-modified streptavidin-labeled latex beads
(�800 nm), dextran (70,000Mr), neutral red (NR), nocodazole,
chloroquine (CQ), and TLC plates were all purchased from
Sigma.
Cell Culture and Conditions—Wild type human foreskin

fibroblasts (CRL-2076, Coriell Cell Repository, Camden, NJ)
and human foreskin fibroblasts with a mutant form of NPC1,
denoted NPC1�/� (CCR, catalogue ID GM03123), were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). Two human fibro-
blast lines with mutant forms of the NPC2 protein, denoted
NPC2�/� GM17910 (CCR, catalogue ID GM17910) and
NPC2�/� GM18455 (Coriell, catalogue ID GM18455), were
grown in Earl’s modified Eagle’s medium supplemented with
15% FBS. Chinese hamster ovary cells containing a deletion of
the NPC1 locus, denoted NPC1-null (M12 cells) (13), were a
kind gift from Dr. D. Ory (Washington University, St. Louis,
MO) and were grown in DMEM/F-12 with 5% FBS. Mouse
embryonic fibroblasts (MEFs, wild type, NPC1�/�/NPC2�/�,
NPC1�/�/NPC2�/�, NPC1�/�/NPC2�/�, and NPC1�/�/
NPC2�/�) were a kind gift from Dr. P. Lobel (Rutgers Univer-
sity, Piscataway, NJ) and were grown in DMEM � 10% FBS.
Fibroblasts with Sandhoff disease (Coriell, catalogue ID
GM11707) and with mucolipidosis type IV (Coriell, catalogue ID
GM02408) were grown in Earl’s modified Eagle’s medium sup-
plemented with 15% FBS. All cells and experiments were main-
tained at 37 °C in a humidified 5% CO2 atmosphere unless oth-
erwise stated. All fibroblasts were grown to 80–90% confluency
before experimentswere performed.Todepletewild type fibro-
blasts of LDL-derived cholesterol, cells were incubated in
serum-free DMEM for 72 h before use.
Dextran Release Experiments—The indicated fibroblasts

were plated at 50,000 cells/well at 37 °C in 6-well plates 24 h
before release experiments. Cells were incubated with a total of
1 mg/ml 70,000 Mr dextran including 0.1 mg/ml [3H]dextran
(25 �Ci/ml) for a total of 6 h at 37 °C. Monolayers were then
washed 4 times with ice-cold Dulbecco’s phosphate-buffered
saline (D-PBS) and replaced with dextran-free DMEM at 37 °C.
The supernatant was subsequently removed and replaced with
DMEM at the indicated time points. The supernatant was
assayed for radioactivity by mixing with 5 ml of ScintiVerse BD

Mixture (Fisher) using a liquid scintillation counter (Beckman;
LS 60001C). To account for nonspecific [3H]dextran-associ-
ated release, the experiment was repeated at 4 °C, and these
values were subtracted from the total amount released at 37 °C
for all time points. For drug-treated fibroblasts, U18666A
(10 �M) and progesterone (10 �g/ml) were incubated with
cells for 6 h before experimentation and for the duration of
the experiment.
Lysosome/Late Endosome Retrograde Fusion Assay—A fluo-

rescence resonance energy transfer (FRET)-based assay was
employed to evaluate rates of late endosome/lysosome retro-
grade fusion as previously described (12, 14). Briefly, fibroblasts
were plated on 4-well cell culture slides (1.7 cm2) at 50,000 cells
per well at 37 °C 1 day before testing. Before experimentation,
biotinylated dextran amine was conjugated to AF647, and the
carboxylate-modified streptavidin-labeled latex beads were
conjugated to AF555 using previously reported protocols (14).
Cell monolayers were incubated with 2.5 mg/ml biotinylated
dextran amine-AF647 for 2 h and chased in DMEM for 6 h.
Monolayers were then washed once with D-PBS, pulsed with
AF555-latex beads for 20min, andwashed 4 times with DMEM
before obtaining FRET measurements. This point was defined
as the initial FRET ratio for all FRET assays and is reported as
such in subsequent figures. FRET measurements were made
using a Photon Technologies International Ratiomaster micro-
scope-mounted spectrofluorometer with photomultiplier tube
detection (Birmingham, NJ). Multiple measurements were
made: a control for bead loading, (donor excitation/emission,
AF555, excitation 550 nm; emission 610/40 nm), the FRET sig-
nal (donor excitation/acceptor emission, FRET, excitation 550
nm; emission 710/60 nm), and a control for dextran loading
(acceptor excitation/emission,AF647; excitation 650 nm; emis-
sion 670/40 nm). All dichroic and emission filters used were
from Chroma (Rockingham, VT).
siRNA Knockdown Experiments—NPC1 or NPC2 protein

expression was silenced using previously described siRNA
constructs (15). Briefly, NPC1�/� (GM03123) or NPC2�/�

(GM17910) fibroblasts were plated at 50,000 cells per well at
37 °C on a 4-well cell culture slide 24 h before transfections.
siRNA constructs as well as scrambled controls (Ambion, Aus-
tin, TX) were transfected into cells using serum-free DMEM
and siPORT-Amine (Ambion) per the manufacturer’s instruc-
tions. Cells were used 72 h post-transfection to allow for suffi-
cient NPC1 or NPC2 knockdown. Knockdown was confirmed
by Western blot analysis using a polyclonal rabbit NPC1 anti-
body (Novus Biologicals, Littleton, CO), polyclonal goat NPC2
antibody (Santa Cruz Biotechnology, Santa Cruz, CA), donkey
anti-goat IgG-horseradish peroxidase (HRP), and goat anti-
rabbit IgG-HRP antibody (Santa Cruz).
DNA Transfections—Indicated fibroblasts were grown to

�80% confluency in 4-well cell culture slides and transfected
with the fluorescent fusion proteins NPC1-GFP (provided by
Dr.M. Scott, Stanford University, Stanford, CA) and Rab9-YFP
(provided by Dr. S. Pfeffer, Stanford University, Stanford, CA)
using the transfection reagent FuGENE 6 per the manufactur-
er’s protocol (Roche Applied Science). Cells were transfected
for 48 h to achieve sufficiently high protein expression. Treated
cells were incubated with 100 �M CQ for 3 h.
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Specificity of siRNA-mediated NPC1 Knockdown—To con-
firm the specificity of the NPC1 siRNA for the NPC1 gene, we
utilized an orthologous form ofNPC1, namelyNPC1-GFP. The
NPC1 siRNA used previously targeted human-specific mRNA
to achieve knockdown. NPC1-GFP is derived from a mouse
origin and contains six different nucleotides in the siRNAbind-
ing region (as compared with human NPC1) and, therefore, is
not effectively suppressed by theNPC1 siRNA.Wild type fibro-
blasts were transfected with NPC1-GFP 48 h before treatment
with NPC1 siRNA. [3H]Dextran secretion was then measured
72 h post-transfection with siRNA.
Amine-induced Vacuole Sizing—Wild type, NPC1�/�,

(GM03123), NPC2�/� (GM17910), and NPC2�/� (GM18455)
fibroblasts were plated on 4-well cell culture slides (BD Bio-
sciences) at 50,000 cells/well at 37 °C 24 h before use. On the
day of experimentation, cells were incubated with the lysoso-
motropic agents NR and CQ (70 and 100 �M, respectively) in
DMEM for 6 h at 37 °C. The indicated cells were treated with 1
�M nocodazole for 1 h before and concurrent to NR treatment.
Cells were then washed 3 times at 37 °C with D-PBS and subse-
quently prepared for microscopy. Images were captured on a
Zeiss Meta 510 laser scanning confocal microscope (Thorn-
wood, NY) with an argon laser at 458 nm. All size and area
measurements were done using ImageJ software (available
from the NIH online at rsbweb.nih.gov) using a background
subtraction followed by the Threshold algorithm to define vac-
uole dimensions and theAnalyze algorithm to size all identified
vacuoles. The average number of sized vacuoles per cell ranged
from 106 to 1744 with an average of 463. A minimum of five
cells was evaluated for each treatment.
Immunofluorescence—Fibroblasts were plated on 8-well cell

culture slides at 25,000 cells per well at 37 °C 24 h before
microscopy. Fibroblasts were washed once with D-PBS and
fixed with a 4% paraformaldehyde solution in D-PBS for 7 min
at room temperature. Fibroblasts were then permeabilizedwith
0.1% saponin in a 10% FBS in D-PBS solution for 30 min. Pri-
mary antibodies for lysosomal-associated membrane protein 1
(LAMP1, rabbit, monoclonal, Developmental Studies Hybri-
doma, Iowa City, IA) and the cation-independent mannose
6-phosphate receptor (MPR, mouse, monoclonal; Develop-
mental Studies Hybridoma; Iowa City, IA) diluted 1:50 in 0.05%
saponin in a 10%FBS solution ofD-PBSwere applied to the cells
at room temperature for 2 h. Cells were then washed twice with
0.1% saponin in a 10% FBS in D-PBS solution. Next, fibroblasts
were incubated for 2 h at room temperature with secondary
antibodies (goat anti-rabbit AF488 and goat anti-mouseAF647;
Invitrogen) diluted 1:500 in a 0.05% saponin in 10% FBS solu-
tion. Cells were then washed twice with D-PBS and prepared
for imaging. CQ-treated cells were incubated with 100 �M for
3 h before immunofluorescence analysis. Images were acquired
with an Olympus/3I Spinning Disk Confocal/TIRF inverted
microscope with laser lines (Coherent Inc., Santa Clara, CA) at
488 and 635 nm. Images were acquired using a Hamamatsu
ImagEM CCD Camera. Co-localization was quantified in
ImageJ using the Colocalization plug-in.
Cholesterol Efflux—Cholesterol efflux was measured simi-

larly to a previously published protocol (16). Briefly, fibroblasts
were plated on 6-well plates at 50,000 cells per well and allowed

to adhere overnight. The next day media were replaced with
DMEM containing lipoprotein-free serum for 48 h. Cells were
then washed once with lipoprotein-free DMEM and refriger-
ated at 4 °C for 30 min. Cells were incubated with 20 �g/ml
[14C]cholesteryl oleate-labeled LDL (LDL was labeled with
[14C]cholesteryl oleate according to previous protocols (17)) in
lipoprotein-free DMEM and incubated for 4 h at 18 °C. Cells
were washed with PBS three times and then incubated for 2
additional hours in lipoprotein-free DMEM. 4% methyl-�-cy-
clodextrin in lipoprotein-free DMEM was then applied for 10
min to extractmembrane cholesterol, andmedia fractionswere
pooled. Cells were lysed with 0.1 N NaOH. Cholesterol was
extracted using a 2:1 mixture of chloroform/methanol after the
addition of 50�g of cholesterol, 50�g of cholesteryl oleate, and
0.001 �Ci of [3H]cholesteryl oleate. Samples were then dried
under nitrogen, and TLC was run. TLC running buffer was a
90:30:1 mixture of heptane/ethyl ether/acetic acid, and visual-
ization was done using iodine. Lipids were quantified using liq-
uid scintillation counting after scraping of the appropriate
spots off the TLC plates. Efflux was expressed as a fraction of
radioactivity in media divided by total radioactivity in media
and cells.
Cholesterol Esterification—Esterification assays were based

on a previously published report (16). Cells were plated on
6-well plates at 100,000 cells per well and allowed to adhere
overnight. The next day cells were fed lipoprotein-free DMEM
for 24 h. 50 �g/ml LDL was then added and incubated for 16 h.
Afterward, �1 �Ci of [3H]oleate was pulsed for 2 h, cells were
thenwashed 3 timeswith PBS, and lipids were extracted using a
3:2 mixture of hexane and isopropyl alcohol. After the addition
of 50 �g of cholesteryl oleate and 0.001 �Ci of [14C]cholesteryl
oleate, samples were dried under nitrogen, and TLC was run.
TLC running conditions were identical to cholesterol efflux
TLC conditions. Lipids were quantified using liquid scintilla-
tion counting, and data were normalized to protein content.

RESULTS

Roles of NPC1 andNPC2 in the Cellular Efflux ofMembrane-
impermeable Lysosomal Cargo—We and others have shown
that mutations in NPC1 impair vesicle-mediated egress of a
variety of membrane-impermeable cargo from lysosomes,
including dextran, sucrose, and small molecular weight amines
(12, 18–19). More recently, Tang et al. (20) have shown that
NPC1 is required for the efficient trafficking of HIV-1 viral
proteins from late endosomes/lysosomes after infection. Toour
knowledge, no prior investigations have evaluated how muta-
tions in NPC2 influence the release of such membrane-imper-
meable cargo from cells.
We were interested in determining if NPC2-deficient cells

had impaired lysosomal release kinetics similar to what had
previously been observed in cells with mutations in NPC1 (12).
More importantly, we questioned whether or not cells with
deficiencies in both proteins had release profiles that were sim-
ilar to those from cells with single protein mutations.
To examine this we evaluated the release of [3H]dextran

(70,000 Mr) from human skin fibroblasts that were appropri-
ately pulsed-chased to ensure specific localization within lyso-
somes (data not shown). We comparatively analyzed wild type
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and NPC1 and NPC2 mutant fibroblasts. The cumulative per-
cent of dextran released into the culture medium is plotted as a
function of time for each of the cell lines. As previously reported
(12), wild type fibroblasts release �80% of the total dextran in

the cells at 24 h post-dextran incubation (Fig. 1A). NPC1
mutant fibroblasts had significantly reduced dextran secretion
relative to wild type fibroblasts (�45% at 24 h, Fig. 1A). Inter-
estingly, we found that NPC2mutant cells exocytosed even less
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FIGURE 1. Release of lysosomal [3H]dextran polymers from cells with or without functional mutations in NPC1 and NPC2. A, wild type cells (Œ) released
about 80% of their initial dextran over a 24-h time period. Cells with mutations in NPC1 (NPC1�/�/NPC2�/�, GM03123) (F) had significantly compromised
dextran release relative to wild type cells. Cells with functional mutations in NPC2 (NPC1�/�/NPC2�/�, GM18455) (�) secreted dextran less efficiently than cells
with mutation in NPC1. Pseudo-double mutants (designated NPC1�/�/NPC2�/�) were created from NPC2�/� (GM18455) cells that had been transfected with
NPC1 siRNA (f) or NPC1�/� fibroblasts (GM03123) that had been transfected with NPC2 siRNA (�). Both pseudo-double mutant fibroblasts exhibited less
efficient dextran secretion than either NPC1 or NPC2 single mutant cell lines. B, wild type cells released about 80% of their total dextran at 24 h. Cells incubated
in serum-free media (SFM) for 72 h exhibited similar cumulative dextran secretion at the 24-h time point. Similarly, mucolipidosis type IV (MLIV) and Sandhoff-
diseased cells exhibited no changes in dextran secretion at 24 h. C and D, dextran secretion profiles observed for NPC1�/� or NPC2�/� fibroblasts with (E) or
without (F) 10 �M U18666A in the culture medium. The addition of U18666A significantly decreased dextran secretion in cells with functional mutations in
NPC1 but not in fibroblasts with mutations in NPC2. E and F, dextran secretion profiles were observed with fibroblasts harboring mutations in NPC1 or NPC2
that were (E) or were not (F) treated with 10 �g/ml progesterone in the cell culture medium. Progesterone treatment did not significantly influence dextran
secretion in either cell line. Data shown are the means � S.E. from experiments run in triplicate (*, p � 0.05 by unpaired t test).
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dextran than did NPC1 mutant cells at the 24-h time point
(�25%, Fig. 1A).
We subsequently sought to determine whether deficiencies

in NPC1 and NPC2 in the same cell resulted in dextran secre-
tion phenotypes that were similar to single mutants or if the
defects in secretion were additive. If the dextran secretion pro-
files were similar to that of either singlemutant profile, it would
support the notion that the two proteins work together at the
same step in retrograde trafficking. Alternatively, if the secre-
tion was significantly less than either single mutant, this would
suggest that both NPC1 and NPC2 function in the egress of
lysosomal dextran but possibly in different steps. Because we
could not readily acquire fibroblasts with loss of functionmuta-
tions in both NPC1 and NPC2, we used siRNA to silence the
expression of NPC1 in NPC2 mutant fibroblasts and to silence
the expression of NPC2 in NPC1 mutant fibroblasts. These
mutant cells treated with siRNA are referred to as NPC1�/�/
NPC2�/� pseudo-doublemutants. According to densitometric
analysis of Western blots, we were able to suppress NPC1 and
NPC2 expression by �95% (data not shown). Unexpectedly,
both pseudo-double mutants released about half the dextran of
non-transfected NPC2 mutant cells (�15% at 24 h, Fig. 1A).
Because it is possible that the transfection procedure itself
could have negatively impacted dextran release, we also exam-
ined mutant cells that were transfected with scrambled siRNA
and found that the dextran release was not significantly differ-
ent fromnon-transfectedmutant cells (supplemental Fig. S1A).
Additionally we tested the specificity of the siRNA to NPC1 on
cells expressing an orthologous NPC1 (mouse NPC1-GFP),
which lacks the human siRNA target sequence. As shown in
supplemental Fig. 1B, cells with functional NPC1-GFP treated
with NPC1 siRNA showed significantly greater dextran release
at the 24-h time point as compared with cells treated with
NPC1 siRNA alone.
It is possible that the aforementioned alterations in dextran

secretion profiles associated with the cells harboringmutations
inNPCproteins could be due to alterations in lipid homeostasis
and not directly due to mutations in the NPC proteins them-
selves. Indeed, it has been shown that the ability of late endo-
somes and lysosomes to fuse can depend on lipid accumulation
in these compartments (21). To examine this, we evaluated dex-
tran release in cells that had functional NPC proteins but had
lysosomal lipid storage disorders. Specifically, we tested fibro-
blasts from patients with mucolipidosis type IV and from
patients with Sandhoff disease.Mucolipidosis type IV cells har-
bor mutations in mucolipin, a protein responsible for subcellu-
lar lipid transport (22). These cells accumulate sphingolipids,
phospholipids, and acid mucopolysaccharides. Sandhoff dis-
ease is characterized by GM2 ganglioside hyper-accumulation
(23–24). As shown in Fig. 1B, there was no statistically signifi-
cant change in dextran secretion at 24 h for both lipid storage
disorders as compared with wild type fibroblasts. Additionally,
we incubated wild type fibroblasts in serum-free media for 72 h
(conditions which deplete LDL-derived cholesterol from late
endosomes and lysosomes) and then tested their dextran
release. Again, no difference in dextran secretion was seen at
24 h. Collectively, these data suggest that significant alterations
in late endosomal/lysosomal lipid homeostasis cannot alone

account for the alterations in dextran secretion observed with
our studies.
Additionally, we evaluated the effects of a well known

inducer of the NPC disease phenotype, U18666A, on dextran
secretion in wild type cells or those with functional mutations
in either NPC1 or NPC2. In wild type cells, treatment with 10
�M U18666A significantly inhibited dextran secretion (supple-
mental Fig. S2A), consistent with previously published results
from this laboratory (12). Interestingly, cells with single muta-
tions in NPC2 that were treated with U18666A had dextran
secretion profiles that were indistinguishable from untreated
NPC2mutant fibroblasts (Fig. 1D). Conversely, cells with single
mutations inNPC1 experienced a significantly reduced dextran
secretion when treated with U18666A compared with un-
treated NPC1 mutant fibroblasts (Fig. 1C).
The finding that cells with mutations in NPC1 or NPC2

respond differently to U18666A treatment is interesting and
suggests that U18666A may preferentially inhibit NPC2-medi-
ated events involved in the retroendocytic release of the dex-
tranmolecules. To explore this possibility further, we evaluated
the effects of a second NPCmimetic, progesterone, on dextran
release. Similar to the effects of U18666A in normal cells, treat-
ment with 10�g/ml progesterone impaired dextran release sig-
nificantly (supplemental Fig. S2B). Cells with mutations in
NPC1 treated with progesterone exhibited slightly decreased
dextran release (Fig. 1E), although this decrease was not statis-
tically significant. Cells with mutations in NPC2 exhibited
insensitivity toward progesterone treatment (Fig. 1F). Although
progesteronemight exert its effects on cells via a differentmecha-
nism than U18666A, the seemingly insensitive response of NPC2
mutant cells against NPC phenotype inducers is consistent.
These results suggest that NPC mimetics may preferentially

target the NPC2 pathway. This result appears to contradict the
work of Ko et al. (25), who have shown that the overexpression
of NPC1 could rescue U18666A-induced hyper-accumulation
of cholesterol in late endocytic compartments, as evidenced by
filipin staining. In this work the authors demonstrated that the
rescue effect was dependent on the concentration of U18666A
used (i.e. at higher concentrations of U18666A the rescue was
not evident). Based on our work it appears that the NPC2 path-
way may be more sensitive than the NPC1 pathway to the
effects of U18666A at the concentrations utilized. It is possible
that NPC1 and NPC2 have distinctly different dose-response
relationships to NPC mimetics, with the NPC2 pathway being
more sensitive at lower U18666A concentrations. It is probable
that at higher concentrations, both cell types would exhibit sig-
nificantly impaired dextran release profiles. Unfortunately, we
were not able to incubate cells with such high concentrations as
the cells succumb to the toxic effects of the compounds. It is
likely that the concentrations of U18666A or progesterone
required to interfere with cholesterol trafficking from late
endocytic compartments is much less than the concentrations
required to interferewith dextran release. Based on this reason-
ing, we feel that it may be premature to definitively argue that
NPC mimetics have specific effects on NPC2-mediated events
but not on those specifically mediated by NPC1.
Roles of NPC1 andNPC2 in Late Endosome/Lysosome Fusion—

The vesicle-mediated release of lysosomal cargo from cells can
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in theory occur by two separate pathways. First, lysosomes
could directly fuse with the plasma membrane to release their
cargo.Whendamage occurs to the plasmamembrane, cytosolic
calcium levels rise, and lysosomes have been shown to fuse with
the plasma membrane to reseal the injury (26, 27). However,
under normal circumstances (i.e. without injury) this pathway
has been shown to contribute minimally to the secretion of
lysosomal contents (28). A second pathway involves amultistep
retroendocytic pathway.Despite the fact thatmuch is unknown
regarding themolecular details of this transport pathway, it has
been shown that lysosomes fuse with late endosomes in a ret-
rograde fashion to create hybrid organelles, and this is likely the
first step in retrograde transport of lysosomal cargo (29–30).
We have previously developed a quantitative fluorescence

resonance energy transfer (FRET)-based approach to evaluate
the kinetics of this fusion event in live cells (14). Briefly, cells are
pulse-chased with biotinylated dextran containing a FRET pair
acceptor (AlexaFluor 647) to localize them specifically within

lysosomes. The dextran polymers
were confirmed to be in lysosomes
using immunofluorescence co-lo-
calization with the lysosomal pro-
tein, LAMP1 (data not shown). Sub-
sequently, cells are incubated with
latex beads (�800 nm) conjugated
to streptavidin and a FRET pair
donor (AlexaFluor 555). Because of
their size, these beads are endocy-
tosed but do not progress beyond
late endosomes to lysosomes (14,
31, 32). Accordingly, only retro-
grade fusion of lysosomes with late
endosomes will allow the FRET
signal to be observed, which is facil-
itated by streptavidin-biotin bind-
ing bringing the two fluorophores in
close proximity. It is important to
note that this assay represents a
cumulative recordof hybrid organelle
fusion events over the indicated
period of time.
Using this assay we have previ-

ously shown and have repeated here
that fibroblasts with mutated NPC1
have hybrid organelle formation
rates that are much slower than the
rates observed with wild type cells
(12). Contrary to expectations,
fibroblasts with mutant NPC2 had
rates of hybrid organelle formation
that were indistinguishable from
wild type fibroblasts (Fig. 2, A and
B). We considered the possibility
that the NPC2 mutant cell line ini-
tially evaluated may not be repre-
sentative of other fibroblasts with
loss of function mutations in the
NPC2 protein. We, therefore, eval-

uated the hybrid organelle formation rate in a different NPC2
mutant cell line (GM17910) and found that this cell line also
had virtually identical hybrid organelle formation rates com-
pared with wild type cells (Fig. 2B). The NPC2 mutant fibro-
blasts transfected with NPC1 siRNA had hybrid organelle
fusion rates that were much slower than wild type cells and
nearly identical to NPC1 mutant cells (Fig. 2, A and B). The
transfection protocol did not appear to have any significant
influence on hybrid organelle formation rates as NPC2 mutant
cells transfected with scrambled siRNA had rates that were not
statistically different from those observed with wild type cells
(Fig. 2B).
These results would suggest that there are phenotypic differ-

ences in cells with mutations in NPC1 or NPC2. According to
thework of Sleat et al. (8),micewithmutations inNPC1,NPC2,
or both showed virtually identical lipid accumulation pheno-
types and NPC disease progression. To address this apparent
discrepancy, we obtained MEFs from the mice used in these

FIGURE 2. NPC1, but not NPC2, is required for efficient retrograde fusion of lysosomes with late endo-
somes. A, the appearance of a FRET signal indicates retrograde fusion of lysosomes with late endosomes to
create hybrid organelles. The appearance of FRET signal as a function of time is shown for wild type fibroblasts
(black circles), NPC2�/� fibroblasts (red circles), NPC1�/� fibroblasts (green circles), and NPC2�/� fibroblasts
treated with siRNA against NPC1 (blue circles). B, measured FRET in all cell types at the zero time point (see
“Experimental Procedures”) is shown. The FRET signal observed with wild type cells is not significantly different
from that of cells with mutations in NPC2 (both GM17910 and GM18455 cell lines). Alternatively, cells with
mutations in NPC1 have significantly reduced hybrid organelle formation. The efficiency of retrograde fusion
of cells with mutations in NPC2 can be decreased to levels comparable with NPC1 mutant cells by treating them
with NPC1 siRNA. As a control, a scrambled version of the NPC1 siRNA has no significant impact on the rate of
hybrid organelle formation in cells with mutations in NPC2. Additionally, NPC1-null Chinese hamster ovary
cells (M12) exhibit similarly low fusion profiles. C, wild type MEFs exhibited normal rates of fusion, whereas
MEFs heterozygous in NPC1 (NPC1�/� /NPC2�/� and NPC1�/� /NPC2�/�) showed intermediary fusion kinet-
ics. NPC1�/�/NPC2�/� MEFs showed fusion kinetics similar to NPC1�/�/NPC2�/� cells. Data points and bars
represent the average � S.E. from three independent experiments (*, p � 0.05 by unpaired t test).
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earlier studies to determinewhether we could observe the same
phenotypic differences as were previously observed for fibro-
blasts examined in Figs. 2, A and B. The MEFs for these evalu-
ations were obtained from the laboratory of Peter Lobel (Dept.
of Pharmacology, Robert Wood Johnson Medical School, Rut-
gers University) and were characterized as having homozygous
or heterozygous mutations in either NPC1 or NPC2.Wild type
MEFs had shown hybrid organelle formation kinetics similar to
wild type fibroblasts (Fig. 2C). Unexpectedly, we found that
MEFs with heterozygous mutations in NPC1 had significantly
reduced hybrid organelle formation rates relative to wild type
MEFs (Fig. 2C). This was contrary to expectations as previous
studies have shown that cells with heterozygous mutations in
NPC1 behave similarly to wild type cells with respect to disease
progression. Nevertheless, we examined if the functional status
of NPC2 had any impact on hybrid organelle formation rates in
theMEFs that were heterozygous inNPC1. Consistent with our
previous observations (Fig. 2A), there was no significant differ-
ence in hybrid organelle formation rates betweenMEFs regard-
less of the presence or absence of functional NPC2 (Fig. 2C).
Moreover,MEFswith homozygousmutations inNPC1had sig-
nificantly compromised hybrid organelle formation rates, again
independent of NPC2 functional status (Fig. 2C). We addition-
ally obtained Chinese hamster ovary cells containing a deletion
in theNPC1 locus butwith normalNPC2, denoted asM12 cells,
that were originally described by Millard et al. (13). As
expected, M12 cells also exhibited decreased hybrid organelle
formation similar to other cells with functional mutations in
NPC1 (Fig. 2B).
NPC2 and Lysosomal Amine Regulation—When fibroblasts

are grown under typical culture conditions, we observe very

little co-localization of lysosomes
and late endosomes, as observed
through immunofluorescence anal-
ysis of the lysosome- and late endo-
some-specific proteins, LAMP1 and
MPR, respectively. It is important to
point out that this does not imply
that lysosomes are not continuously
fusing with late endosomes; rather,
this lack of co-localization suggests
that the steady-state population of
hybrid organelles is low. We have
previously shown that exposing
cells to lysosomotropic amines facil-
itates the co-localization of lyso-
somes with late endosomes in an
NPC1-dependent fashion (12). In
this report we examined the role of
NPC2 in this amine-induced late
endosome/lysosome fusion. Con-
sistent with our previously pub-
lished results, wild type cells have
limited late endosome/lysosome co-
localization without amines in the
culturemedium (Fig. 3A). However,
when the lysosomotropic amine CQ
was added at high concentrations

(100 �M), the LAMP1/MPR co-localization was significantly
enhanced (Fig. 3A). The amount of co-localization was quanti-
fied in ImageJ and is indicated in eachmerged image.With cells
lacking functional NPC1, we did not observe significant co-
localization between late endosomes and lysosomes regardless
of CQ treatment (Fig. 3B). These results are consistent with
results obtained in Fig. 2 that show that cells with mutations in
NPC1 have inefficient lysosome/late endosome fusion using
the FRET assay. We subsequently examined how fibroblasts
with mutations in NPC2 (both GM17910 and GM18455)
responded to high concentrations of CQ. Interestingly, we
observed significant amine-induced late endosome/lysosome
co-localization in cells lacking functional NPC2, similar to the
observations using wild type cells (Fig. 3, C and D).
In an effort to support our results presented in Fig. 3, we used

a different experimental approach to evaluate the influence of
amine treatment on late endosome/lysosome co-localization.
To accomplish this we transiently transfected fibroblasts with
functional NPC1-GFP and with Rab9-YFP and again used the
amine CQ. NPC1 has been reported to exist on both lysosomes
and late endosomes (25), whereas Rab9 has been shown to be
specific to late endosomes (33). Despite the fact that NPC1 has
been reported to reside on both late endosomes and lysosomes,
we observed little co-localization with Rab9-YFP in wild type
cells with no CQ added to the culture medium (Fig. 4A). When
the CQ was added to wild type fibroblasts, we observed signif-
icant co-localization of the two fluorescent fusion proteins (Fig.
4A). As with previous results, amines induced significant co-
localization of late endosomes with lysosomes in cells with dys-
functionalNPC2 regardless of the location of themutation (Fig.
4, B and C). Collectively, these analyses are consistent with our

FIGURE 3. NPC1, but not NPC2, is required for amine (CQ)-induced co-localization of lysosomes with late
endosomes. A, under normal cell culture conditions very few lysosomes co-localize with late endosomes, as was
observed from immunofluorescence analysis of cells probed for the cation-independent (CI)-MPR and LAMP1 (late
endosome- and lysosome-specific proteins, respectively). When wild type cells are exposed to high concentrations
of the lysosomotropic amine (100 �M CQ for 3 h), the degree of lysosome co-localization with late endosomes was
significantly enhanced. B, cells with mutations in NPC1 did not show enhanced late endosome/lysosome co-local-
ization when exposed to CQ. C and D, cells with mutations in NPC2 (both GM17910 and GM18455 cell lines) behaved
similarly to wild type cells in their response to CQ treatment. Images are representative of cells observed from at least
three independent experiments. The percent co-localization is shown in each merge panel.
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quantitative FRET-based late endosome/lysosome fusion assay
results (Fig. 2) that support the notion thatNPC1 is required for
amine-induced hybrid organelle formation, which is not the
case for NPC2.

NPC2 and Amine-induced Vacuolization of Lysosomes—It
has been well established that certain lysosomotropic amines
induce the formation of large vacuoles when added to culture
medium in high concentrations (34–36). We have previously
shown that the amine-induced lysosome vacuolization involves
fusion of lysosomes with late endosomes and requires func-
tional NPC1 (12). Here we investigated if NPC2, like NPC1, is
required for amine-induced vacuolization of lysosomes. To
examine this we incubated fibroblasts with 70 �M NR for 6 h
and visualized the cells using microscopy. As shown in Fig. 5A,
the accumulation of NR in the vacuoles darkens their appear-
ance, which improves our ability to evaluate their size. We uti-
lized ImageJ software to estimate the average diameter of
amine-induced vacuoles. The software identifies areas in
micrographs with large changes in contrast, which represent
NR-containing vacuoles. The computer software-generated
threshold images of cells are shown to the right of all represen-
tative phase contrast images. We selected parameters in the
software program that only identified vacuoles for sizing that
had well defined circularity (�90%). This analysis allowed us to

FIGURE 4. Amine-induced co-localization of NPC1 and Rab9 fluorescent
fusion proteins. Fibroblasts were transfected with plasmids to express
NPC1-GFP (a late endosome/lysosomal protein) and Rab9-YFP (a late endo-
somal protein) and, where indicated, incubated with 100 �M CQ for 3 h to
observe the influence of the amine on the degree of co-localization of these
two fluorescent fusion proteins in living cells. A, Rab9-YFP did not significantly
co-localize with NPC1-GFP in wild type cells without amine treatment. When
wild type cells were exposed to CQ, the fluorescent fusion proteins became
significantly co-localized. B and C, the amine CQ enhanced Rab9-YFP/NPC1-
GFP co-localization in cells with mutations in NPC2 (both GM17910 and
GM18455 cell lines), as was the case with wild type cells. Images are repre-
sentative of cells observed from at least three independent experiments. The
percent co-localization is shown in each merge panel.
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FIGURE 5. Evaluation of amine-induced vacuole size in fibroblasts with
mutations in NPC1 and NPC2. Indicated fibroblasts were incubated with 70
�M NR for 6 h and visualized by phase contrast microscopy. To the right of
each phase image is the computer software-generated threshold image of the
amine-induced vacuoles that was used to estimate their average diameter.
A, wild type cells are shown. B, cells with mutations in NPC1 are shown. C and D,
cells with mutations in NPC2 (both GM17910 and GM18455 cell lines) are
shown. E, bars represent the average diameter of NR-containing vacuoles in
the indicated cell type. Indicated cells (nocodazole (�NOC), black bars) were
treated with the microtubule depolymerizing agent nocodazole (1 �M, 1 h
before and concurrent with the administration of NR). Bars represent the
average � S.E. of six different cells obtained in three independent experi-
ments (*, p � 0.05 by unpaired t test).
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quantitatively estimate the average NR-containing vacuole
diameter in the cells after amine treatment.Using this approach
we estimated that the mean diameter of NR-containing vacu-
oleswas 1.24� 0.07�minwild type fibroblasts (Fig. 5,A andE).
Using a different experimental approach to estimate amine-
containing vacuole size (i.e. manual sizing), we had previously
reported that the average diameter of vacuoles from fibroblasts
with mutated NPC1 were significantly smaller than those
observed in wild type fibroblasts (12). Consistent with these
results, we show here that cells with the mutant NPC1 form
vacuoles that are 0.75 � 0.11 �m, which is significantly smaller
than vacuoles from normal cells (Fig. 5, B and E).
Based on our findings in this report, we anticipated that

NPC2 mutant cells would form amine-induced vacuoles that
were of similar size to wild type cells when treated with amines.
Unexpectedly, both of the NPC2 mutant cell lines (GM18455
and GM17910) formed significantly larger amine-induced
vacuoles than were formed in wild type cells (Fig. 5,C andD). A
summary of the amine-induced vacuole sizes for each cell line
examined is shown in Fig. 5E. To illustrate that the formation of
enlarged amine-induced vacuoles is a vesicle-mediated event,
we have repeated each of the aforementioned experiments in
cells that were preincubated with themicrotubule depolymeriz-

ing agent nocodazole. When in the
presence of nocodazole, the size of
amine-induced vacuoles is rela-
tively small and not significantly
different from the size of amine-
induced vacuoles obtained from
cells with mutated NPC1 without
nocodazole pretreatment.
The finding that cells with muta-

tions in NPC2 formed amine-in-
duced vacuoles that were signifi-
cantly larger than those observed in
wild type cells was intriguing. After
amine incubation, we propose that
the observed size of the amine-in-
duced vacuoles is determined by
their rate of formation and their rate
of depletion. Accordingly, NPC2
mutant cells could have enhanced
vacuole formation rates and/or
impaired ability to undergo the nec-
essary fission events that would be
required for their reduction in size.
Our data presented in Fig. 2 indi-

cated that hybrid organelle forma-
tion rates were nearly identical
between NPC2 mutant and wild
type fibroblasts; however, these
rates were obtained in cells without
amine treatment. Accordingly, we
examined the possibility that the
addition of amines had a different
influence on the rates of hybrid
organelle formation in wild type
versus NPC2 mutant cells. We uti-

lized the amine CQ for these evaluations because NR has fluo-
rescence that interferes with the FRET-based late endosome/
lysosome fusion assay. Similar to the results obtained with NR,
cells treated with CQ that harboredmutations inNPC2 formed
significantly larger amine-induced vacuoles compared with
wild type cells (Fig. 6A).We observed no significant differences
in hybrid organelle formation rates between wild type and
NPC2 mutant cells in the presence of the amine CQ (Fig. 6B).
In light of the previous results, we postulated that NPC2

fibroblasts may have impaired hybrid organelle reduction rates
relative to rates observed with wild type cells. To evaluate this
we investigated the kinetics of amine-induced hybrid organelle
diameter reduction as a function of time after the amine was
removed from the cell culture medium. At the indicated times
after amine depletion, the cells were fixed with formaldehyde
and viewed using microscopy. ImageJ software was utilized to
quantitatively estimate the vacuole size as a function of time.
Representative images of both NPC2 mutant and wild type
fibroblasts illustrate qualitatively that NPC2mutant fibroblasts
have vacuoles that retain their large diameter for longer periods
of time relative to wild type fibroblasts (Fig. 6C). When the
images were quantitatively evaluated with the software, we
observed significantly slower rates of vesicle diameter reduc-

FIGURE 6. Kinetics of amine-induced vacuole formation and size reduction. A, phase contrast images are
shown of wild type and NPC2 mutant fibroblasts incubated for 3 h with 100 �M CQ to form amine-induced
vacuoles. The size of the amine-induced vacuoles is greater in cells with mutations in NPC2 relative to wild type
cells (images are representative of three independent experiments; the scale bar is 20 �m). B, kinetics are
shown of retrograde fusion of lysosomes with late endosomes using the FRET assay in wild type and NPC2
mutant fibroblasts treated with 100 �M CQ for 30 min before data analysis. Data points represent the average �
S.D. for three independent experiments. C, wild type and NPC2 mutant fibroblasts incubated with 70 �M NR
and visualized by phase contrast microscopy are shown. The indicated times represent how long the cells have
been in cell culture medium devoid of NR (sink conditions). Below each phase image is the computer software-
generated threshold image of the amine-induced vacuoles that were used to estimate their average diameter.
Images are representative of at least 10 independent observations. The scale bar represents 10 �m. D, kinetic
analysis is shown of the NR-containing vacuole diameter reduction as a function of time in NR-free medium in
normal (F) and NPC2 mutant (E) fibroblasts. Data points represent the average � S.E. for 10 independent
experiments (*, p � 0.05 by unpaired t test).

NPC1, NPC2, and Retrograde Transport

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4991



tion inNPC2mutant cells relative towild type cells even though
errors were quite large (Fig. 6D, p � 0.05, n � 10). It is impor-
tant to note that we utilizedNR for vacuole size reduction stud-
ies because it enabled efficient vacuole identification using the
software quantitation approach. We qualitatively observed
similar slow vacuole reduction rates with NPC2 mutant cells
treated with CQ (data not shown). These observations are con-
sistent with the notion that NPC2 mutant fibroblasts yield
excessively large amine-induced vacuoles because they have an
impaired ability to release vesicles from the nascent hybrid
organelles.

DISCUSSION

Luzio et al. (29) have previously proposed a model for lyso-
some dynamics that is relevant to this work. They suggest that
lysosomes continuously fuse with late endosomes to form
hybrid organelles, which are larger in size compared with the
lysosomes. It is also thought that hybrid organelles must con-
tinuously reform into lysosomes so as to avoid their consump-
tion in this dynamic process (37–39). Because lysosomes are
denser than hybrid organelles, it is reasonable to assume that
membrane fission events must take place during the lysosome
reformation process. We propose that it is likely that mem-
brane vesicles released from hybrid organelles during these fis-
sion events may contain cargo that is to be directed to different
cellular locations, including the plasma membrane. A model
illustrating these events is shown in Fig. 7. Included in this illus-
tration are the steps in which NPC1 and NPC2 function, con-
sistent with the observations reported in this work.
We have previously shown that certain lysosomotropic

amines stimulate late endosome/lysosome fusion and result in
the formation of visibly expanded hybrid organelles in normal
fibroblasts, a process that was shown to be impaired in cells

lacking functional NPC1 (12). In this work we evaluated how
cells withmutations inNPC2 responded to the addition of lyso-
somotropic amines in the culture medium. Interestingly, cells
with mutations in NPC2 not only formed hybrid organelles but
formed significantly larger ones than those found in wild type
cells. We propose that the resultant size of amine-induced
hybrid organelles is a function of their rate of formation (step 1,
Fig. 7) and the rate at which membrane vesicles are removed
from them (step 2, Fig. 7).We found that cells withmutations in
NPC2 had rates of hybrid organelle formation that were not
statistically different from wild type cells (see Fig. 2). Interest-
ingly, we found that the hybrid organelle size reduction, upon
removal of the amines, was impaired in cells with mutations in
NPC2 (see Fig. 6). Accordingly, our data are consistent with the
notion that cells with mutations in NPC2 form larger hybrid
organelles because they are less efficient at membrane fission
events associated with hybrid organelle size reduction.
Importantly, these observations suggested to us that NPC1

and NPC2 may function in separate events involved in the ret-
roendocytic transport of membrane-impermeable cargo such
as protonated lysosomotropic amines. We and others have
shown thatNPC1 is indeed involved in the retrograde transport
of multiple types of membrane impermeable cargo (12, 18);
however, to our knowledge, no prior studies have compara-
tively evaluated if cells with functional mutations in NPC2
function comparatively to cells harboring functional mutations
inNPC1 in the cellular egress of this type of lysosomal cargo. To
evaluate this further, we investigated the cell efflux kinetics of
membrane-impermeable dextran polymers specifically local-
ized to lysosomes in cells with deficiencies in NPC1, NPC2, or
both. As previously shown, cells with mutations in NPC1 had
significantly impaired dextran secretion profiles relative towild
type cells (Fig. 1A). Interestingly, cells with functional muta-
tions in NPC2 secreted dextran less efficiently than did cells
with mutations in NPC1 (Fig. 1A). Moreover, cells mimicking
the NPC1/NPC2 double mutant had shown significantly less
dextran secretion compared with either single mutant cell line
(Fig. 1A). These data suggest that these proteins both contrib-
ute to the vesicle-mediated egress of membrane-impermeable
lysosomal cargo but in distinctly separate steps.
This observationmay appear to contradict thework of others

that have evaluated the roles of NPC1 and NPC2 in cholesterol
trafficking from late endocytic compartments. Most note-
worthy, Sleat et al. (8) established that NPC1 and NPC2 function
concertedly and non-redundantly in cholesterol trafficking in
mice. More recently, Infante et al. (40) have provided evidence
to support the mechanism by which NPC1 and NPC2 could
function in a concerted mechanism to mobilize cholesterol
from lysosomes. It is important to state that this would only
truly present a contradiction if cholesterol and other lipids fol-
low the exact same intracellular trafficking pathway as do dex-
tran molecules. To address this possibility, we performed both
cholesterol esterification and cholesterol efflux assays using the
same cells evaluated in this study to see if we could observe
phenotypic differences in cells with mutations in either NPC1
orNPC2. Results from these evaluationswere virtually identical
to previously established trends (16). Specifically, both NPC1-
and NPC2-deficient cells have shown marked impairments in

FIGURE 7. Proposed model illustrating the initial steps involved in the
retrograde transport of membrane-impermeable lysosomal cargo. Lyso-
somes containing membrane-impermeable cargo (yellow circles) fuse with
late endosomes to create hybrid organelles (labeled as step 1). Fission of
membrane vesicles from hybrid organelles leads to the reformation of lyso-
somes and the release of impermeable cargo-containing transport vesicles
(labeled as step 2). The suggested role of NPC proteins in each step is
indicated.
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both cholesterol esterification and efflux (see supplemental
Figs. 3 and 4). Importantly, we observed no differences between
cells with mutations in NPC1 compared with those with muta-
tions in NPC2. Comparing these experimental findings with
our results presented here strongly suggests that dextran and
cholesterol do not appear to precisely follow the same NPC
protein-mediated retroendocytic trafficking pathway. Accord-
ingly, we do not believe that the findings reported here should
be interpreted as providing evidence that NPC1 and NPC2 do
not function cooperatively in the mobilization of cholesterol
and possibly other lipids from late endocytic compartments.
It is highly possible that NPC proteins aid in the trafficking of

different cargo through different mechanisms. In support of
this notion, Tang et al. (20) have recently investigated the
involvement of NPC1 in HIV-1 post-entry replication. Impor-
tantly, the authors show that NPC1 was essential for proper
trafficking of HIV-1 Gag protein from late endocytic compart-
ments. The authors demonstrated that overexpression of Rab9
inNPC1-deficient cells, which has been shown to promote cho-
lesterol and glycosphingolipid clearance from late endocytic
compartments (41, 42), failed to rescue Gag hyper-accumula-
tion in these compartments. This result suggests that NPC pro-
tein-mediated trafficking of cholesterol may be separate from
the trafficking of Gag (a membrane-impermeable cargo) from
late endocytic compartments.
It is important to consider how these results may impact

what is currently understood about NPC disease etiology
and progression. It is our belief that the progressive neuro-
degeneration associated with NPC disease likely results from
disruption of the cellular homeostasis of multiple lysosomal
cargos, both lipid in nature and the soluble membrane
impermeable-type examined here. We have recently shown
that cells with non-functional NPC1 were more susceptible
to the toxic effects of an endogenous lysosomal, membrane-
impermeant polyamine metabolite (3-aminopropanal), rela-
tive to wild type cells. 3-Aminopropanal has been previously
shown to be a potent neurotoxin implicated in neurodegen-
erative disorders (43–46). It is thought to cause its toxic
effects through its ability to react with and disrupt lysosomal
membranes once sequestered in this compartment. Accord-
ingly, we hypothesized that NPC cells were more sensitive to
3-aminopropanl because these cells were relatively ineffi-
cient in clearing the molecule from late endocytic compart-
ments. In the present work, we show that the egress of mem-
brane-impermeant lysosomal cargo is significantly impaired
in cells with functional mutations in either NPC1 or NPC2.
Consequently, if neurodegeneration associated with NPC
disease is due in part to the hyperaccumulation of toxic lyso-
somotropic metabolites, it is likely that subjects with muta-
tions in either NPC1 or NPC2 may appear clinically indistin-
guishable, which is consistent with previous observations
(8). It is obvious that more work will be required in this area
to elucidate the potential contributions of endogenous lyso-
somotropic metabolites on NPC disease etiology.
Collectively, the work in this report reveals unique pheno-

typic differences between NPC1 and NPC2 in specific stages of
retrograde transport of lysosomal cargo, namely membrane-
impermeable cargo and amines. Currently, the precise molec-

ular basis for NPC disease progression is far from being com-
pletely understood. Considering this, we believe that it is
imperative that we improve our understanding regarding the
fundamental roles that NPC proteins play in retroendocytic
intracellular trafficking events of all possible types of lysosomal
cargo.
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